The extrusion-cooking technique was used for the processing of corn-oat blends with three various screw configurations. The procedure involved the assessment of the effects of the processing conditions on energy consumption. The initial moisture level ranged from 16 to 22% and the screw speed applied during the processing varied from 80 to 120 rpm. Corn-oat gruels were tested for water absorption and bulk density. A significant effect was reported of the initial moisture and screw speed on energy demand as well as on the physical properties of extrudates. The use of the shortest version of the extruder requires more energy than with the longer ones. Corn-oat instant gruels processed with an elongated barrel showed lower water absorption compared with the shorter one. The most important parameter having an influence on the product quality was the initial moisture content of extruded blends. The obtained results can be helpful in management of sustainable settings, low-energy processing conditions and the proper characteristics of extruded instant corn-oat gruels.
INTRODUCTION
Among the many natural raw materials enriching the production of functional foods, more and more interest is attached to pseudo-cereals, such as oat (Avena sativa), which is characterized by the unique health and dietary values and is considered a cereal crop of the 21 st century. Oat is a cereal used most often for feed purposes: only a small amount of it is intended for consumption. Oat, compared to other cereals, stands out because of its specific chemical composition and its nutrients influence the production of fortified and fitness foods suitable for human nutrition (Butt et al. 2008) . Oat has high levels of non-starch polysaccharides, including pentosans and β-glucans, which are important constituents of dietary fiber, and less saccharides, in particular starch, than other cereals (Kawka 2010) . This grain is a source of B vitamins, minerals, dietary fiber (soluble and insoluble) and antioxidants with the ability to remove free radicals, able to stimulate the immune system to reduce the risk of hyperinsulinemia, hyperglycemia, obesity, hypertension, coronary heart disease, and contribute to the lowering of total cholesterol (Berski and Gambuś 2014, Singh et al. 2013) . Fat contained in oat has a positive ratio of unsaturated to saturated fatty acids (Zhou et al. 1999) , though it could hamper processing. The extrusion-cooking technology is sustainable method used for the production of a wide range of cereal products: crisps, cereals, batteries, flat bread, pellets, texturized proteins, baby food, confectionery (chewing gum, sweets), animal feed and specialty products, e.g. modified starch or functional components. By applying pressure, specific temperature and shearing, the material is mixed, cooked, plasticized, and expanded. Following such treatment, intense changes occur in the chemical and physical properties of the materials, their results depending mainly on the extruder configuration and extrusion conditions (Mościcki et al. 2007 ). These technical and technological aspects of extrusion could also influence energy consumption during the processing and the degree of sustainability of this method compared with other food processing techniques.
MATERIALS AND METHODS
Corn grits (purchased from Lubella Sp. z o.o. Sp. K., Lublin, Poland) and oat flour (Metvit S.A., Warszawa, Poland) were used as the basic raw material in the amount of 25% of the blend. The materials were mixed with a ribbon mixer and moistened with a specific volume of water (Wójtowicz, 2008) to obtain the moisture content before the extrusion-cooking at the level of 16, 18, 20 and 22%. The extrusion-cooking was carried out by means of the modified single screw extruder Gliwice, Poland) with the L/D configurations of 12:1, 16:1 and 18:1, at the temperature ranged 120-135°C, with a forming die of 3 mm and at the screw speed ranged 80-120 rpm. The extrudates were dried below 10% of the moisture content and ground with the laboratory grinder LMN10 (TestChem, Radlin, Poland) to a granulation below 1 mm. Power consumption, expressed as SME (Specific Mechanical Energy), was determined at each change of the rotational speed of the screw during the extrusion-cooking of mixtures with the different initial moisture content in raw materials. The engine load and process efficiency of each test were converted into SME (kWh•kg -1 ) as proposed by Kręcisz (2016) , taking into account the extruder working parameters. The water absorption index (WAI) was determined through centrifugation (Bouasla et al. 2017, Wójtowicz and for each sample in three replications as the amount of absorbed water (g) per g of a dry sample. Bulk density was assessed in five replications as a mass (kg) of specific sample volume (m 3 ) using a measuring cylinder filled gently with corn-oat gruels (Wójtowicz et al. 2013) . The obtained results were tested with the bidirectional ANOVA analysis of variance using the Statistica software (version 10.0, USA). The first factor was moisture (M) and the second was the screw speed (S). The RSM (response surface methodology) was used for fitting the polynomial models (Y=b0+b1X1+b2X2+b11X12+b12X1X2+b22X22, where X1 was the moisture content and X2 was the screw speed applied), and quadratic equations of the tested characteristics were designated depending on the variables used in the experiment (Table 1) . 
RESULTS AND DISCUSSION
The extrusion-cooking of corn gruels with the addition of oat flour in the amount of 25% with the L/D configuration of 12:1 demonstrated the specific mechanical energy consumption (SME) within 0.064-0.122 kWh . kg -1 (Fig. 1a) . The SME values depended mainly on the moisture content (p-value=0.000). Along with the increase of the moisture content in the mixture, greater SME values were reported, which may be also seen in the results presented by Kręcisz (2016) , where an increase in the moisture content increased the SME value in corn instant gruels. Some increase of SME with higher rpm was observed for the extrudates with 18 and 20% of initial moisture (p-value=0.064). When the extrusion-cooking was done using the L/D configuration of 16:1, the SME values increased along with the rise in moisture up to 18%; yet, a further increase of moisture of up to 22% resulted in a significant decrease of the SME values (p-value=0.000). The influence of the screw speed on the SME values was also significant (p-value=0.026). Based on the test results, it can be concluded that a higher screw speed (up to 100 rpm) resulted in a significant increase of SME consumption. Higher rpm applied during the processing resulted in the lower SME values, especially if the initial moisture content of blends was 16 and 18% (Fig. 1b) . During the extrusion-cooking of corn-oat blends with the L/D configuration of 16:1, a decrease in energy consumption (0.048-0.099 kWh . kg -1 ) was observed compared with L/D=12:1. The results with L/D=18:1 demonstrated that the increase of blend moisture of up to 20% caused the increased SME (Fig. 1c) . It was found that the values of SME varied between 0.081 and 0.118 kWh·kg -1 depending on the applied processing parameters. Changes in SME significantly depended on the moisture of raw materials (p-value=0.000) and the screw speed (p-value=0.006). The higher moisture content resulted in the lower SME values of instant gruels. The results show a significant impact of the screw rational speed on the SME value as the increased rpm caused higher energy consumption up to 100 rpm. The higher screw speed caused the decrease of specific mechanical energy consumption during the extrusion-cooking process of corn-oat gruels. Similar results were reported for SME of corn extrudates (Kręcisz 2016 ) and wheat and spelt flour extrudates (Wójtowicz and Juśko 2012) . Water absorption is also relevant in the treatment intensity during the extrusion-cooking (Bouasla et al. 2017) . The WAI of instant gruels based on corn and oat reached the values from 4.21 to 6.02 g•g -1 if the shortest L/D=12:1 configuration was applied for the processing (Fig. 2a) . The WAI values were much higher than those presented for elongated extruder configurations and indicating more intensive treatment of corn-oat blends. The moisture content of the raw materials had a significant effect (p-value=0.000) on the water absorption results. A higher moisture content level lowered the WAI of extrudates. The screw speed applied had no significant effect on the water absorption results (p-value=0.064). The WAI of instant gruels processed at L/D=16:1 ranged from 3.39 to 4.82 g•g -1 (Fig. 2a) . The range of the WAI reported by other authors depends on the raw materials and processing conditions used and, for example, varied from 5.58 to 6.38 g . g -1 for gluten-free extrudates based on 75:25 corn-rice blends (Kręcisz and Wójtowicz 2017) . This time the moisture content (p-value=0.769) and the screw speed applied (p-value=0.861) had no significant effect on the WAI. The results presented in Fig. 2c for L/D=18:1 showed that the highest water absorption was seen in instant gruels processed at 18% of the initial moisture content at 100 rpm. The WAI values of instant gruels extruded with the longest barrel configuration ranged from 4.50 to 5.7 g•g -1 . The higher initial moisture content in corn-oat extrudates had no significant effect on the water absorption values (p-value=0.577). The influence of screw speed on the WAI values was insignificant (p-value=0.290). Bulk density evaluated for instant gruels processed with L/D=12:1 ranged from 264.82 to 651.86 kg . m -3 (Fig. 3a) . The higher moisture content in the recipe has a significant impact (p-value=0.000) on the increased bulk density of extrudates. The results showed that the highest bulk density was measured for instant gruels with the highest moisture content. The effect of screw speed was not significant (p-value=0.780). For corn-oat products processed at L/D=16:1, the bulk density ranged from 392.91 to 612.76 kg . m -3 (Fig. 3b) . The products processed with the high initial moisture content exhibited a denser and less porous structure, which has an impact on the higher values of bulk density. The increase in the initial moisture content in corn-oat blends showed a significant effect on the bulk density values (p-value=0.002). Increased bulk density with an increase of rpm was observed for extrudates processed at 22% moisture content, but generally the screw speed had no significant effect on bulk density (p-value=0.122). When extrusion-cooking was done at L/D=18:1, the bulk density values of instant corn-oat gruels ranged from 237.71 to 517.36 kg . m -3 (Fig. 3c ). Kręcisz and Wójtowicz (2017) reported that the density values of corn-rice extrudates varied from 137.83 to 362.18 kg . m -3 depending on the extrusion temperature and moisture content. They also concluded that density rose along with higher moisture of the raw materials used. The moisture content of raw materials had a significant effect (p-value=0.039) on bulk density, but the effect of the screw speed on the bulk density values was insignificant (p-value=0.798).
CONCLUSIONS
The extrusion-cooking as sustainable process for the processing of corn-oat blends produced instant gruels resulted with various products characteristics. The level of initial moisture content and the rotational speed of the extruder screw used during the treatment had a significant effect on energy consumption and the tested properties of extruded corn-oat instant gruels. The processing of extrudates using various configurations of the single screw extruder yielded different properties of the extrudates. The research demonstrated a significant impact of the screw rotational speed on the SME value. The use of the elongated extruder configuration at L/D=16:1 resulted in low SME, lowered WAI and increased density of instant gruels. The results showed the highest WAI in instant gruels processed at L/D=12:1, which was the most intensive treatment of corn-oat blends. The most important parameter having an influence on the product quality was the initial moisture content of extruded blends. The discussed results should be helpful in selecting the adequate management and low-energy processing conditions in order to achieve the desired characteristics of extruded instant corn-oat gruels.
